I N T R O D U C T I O N
An understanding of the breeding systems and pollination of agriculturally important crops, as well as native plants, is a major consideration in domestication (Bullita et al., 1993) and is also critical for plant improvement research. The amount and distribution of genetic variation within populations is greatly influenced by breeding characteristics, such as flower phenology, self-compatibility and the mating system (Loveless and Hamrick, 1984; Hamrick and Godt, 1989) . Legumes offer an interesting opportunity to evaluate the interaction between self-compatibility, out-crossing rate and inbreeding depression, as many annual members of the group reproduce through a combination of selfing and outcrossing (Kittelson and Maron, 2000; Real et al., 2004) . In the case of self-compatible species the temporal separation of male and female reproductive phases increases the probability of out-crossing (Richards, 1986) . The proximity of pollen to the stigma when it is receptive helps in autonomous selfing (Lloyd and Schoen, 1992) , while facilitated selfing may be high in plants with many inflorescences and where both the male and female phases are mature, as pollinators may forage longer among flowers of the same plant (Harder and Barrett, 1995) . Inbreeding depression is a dynamic feature of populations that evolves with mating systems and is a powerful selective force for maintaining out-crossing in natural populations (Jarne and Charlesworth, 1993) .
The genera Trigonella, Medicago, Trifolium and Melilotus belong to the subtribe Trigonellinae, tribe Trifolieae in the Leguminosae family. Several studies on the taxonomical relationship among these genera have been conducted (Small et al., 1987) . The corolla of Trigonellinae is typically papilionaceous, comprising a standard petal, two wing petals and a keel made up of two marginally fused petals. The ten stamens are arranged in diadelphous fashion, with the staminal column (nine basally fused) surrounding the pistil. Considerable research on the tripping mechanism has been undertaken in Medicago, particularly in alfalfa, M. sativa (Small et al., 1981) . Both Medicago and Trifolium are composed of species(s), which are either outbreeders or inbreeders. However, there has been no concerted effort to study the breeding system in the genus Trigonella.
Trigonella balansae is an annual legume of Eurasian origin, vegetatively productive and able to regenerate on alkaline soils receiving <400 mm of annual rainfall such as those in temperate Australia. Plants of this species have an upright growth habit and the proliferation of pods at the top of the canopy makes harvesting of seeds easier, compared with the traditional annual medics (Loi et al., 2000) . Moreover, it is compatible with the native populations of Rhizobium meliloti associated with southern Australian medic pastures. Trigonella balansae thus has the potential to complement the role of annual medics in alkaline soil farming systems (Howie et al., 2001) . Preliminary agronomic experiments have indicated the need to modify traits such as days to flowering in the introduced germplasm of T. balansae tested in Australia.
This paper examines the floral morphology, seed set following different pollination methods, stigma receptivity and pollen tube growth in a population of T. balansae. It also estimates the rate of selfing, amount of inbreeding depression and the self-compatibility index. (Matkin and Chandler, 1957) in a glasshouse with temperature maintained at 20-25 C. Fifteen plants of the accession were used in this study. Measurements of floral parts namely, length of the flower, corolla length, length of the stamen filaments and pistils were recorded at three stages: approx. 1 d before anthesis, at anthesis (flower opening) and approx. 1 d after anthesis.
Hand-pollination study
An additional 15 plants of the accession were used in this study. Responses to different methods of pollination were tested, namely:
Seed set without external vectors. Seed yield was determined on three flowers per plant that were covered with paper bags.
Seed set after hand manipulation of flowers. Withinflower transfer of pollen from anthers to stigma was achieved by depressing the keel petal of newly opened flowers using fine forceps. Three flowers per plant were thus manipulated (tripped), protected with a paper bag and the seed yield recorded.
Seed set after application of foreign pollen. Three flowers per plant were emasculated 1 d before anther dehiscence and protected with a paper bag. At anthesis, stigmas of these flowers were then pollinated using anthers from another plant of the same accession and seed yield determined.
Pollination-vector study
Seventy-five plants of the accession SA 5045 of T. balansae were grown in pots and used in these experiments:
Honeybee pollinator culture. Twenty-five plants were placed in a cloth-mesh crossing chamber in a glasshouse, with temperature maintained at 25 C. A colony of honeybees (Apis mellifera) was introduced into the chamber for 3 weeks.
Field pollinator culture (natural pollination). Twentyfive plants were maintained in the field at Waite campus, Adelaide (34 58 0 S, 138 38 0 E) to attract freeranging insect pollinators.
Vector-free culture. The 25 remaining plants were maintained in an insect-proof glasshouse.
Fifteen randomly selected plants from each treatment were used for recording pod and seed yield data. A total of three inflorescences per plant were selected. Pod set per inflorescence and number of seeds per pod were determined.
Measures of selfing rate and inbreeding depression
The selfing rate was calculated for T. balansae following Charlesworth (1988) :
where p x is percentage seed set following cross-pollination, p s is percentage seed set following self-pollination by hand tripping and p o is percentage seed set following natural pollination. Levels of inbreeding depression (d) in T. balansae were determined on the basis of the relationship between the seed set of self-pollinated (w s ) and of cross-pollinated flowers (w c ) (Charlesworth and Charlesworth, 1987; Kephart et al., 1999) .
The inbreeding depression level was calculated as:
The SCI for T. balansae was calculated according to Lloyd and Schoen (1992) . SCI is the mean seed set for manually self-pollinated flowers divided by the mean seed set for cross-pollinated flowers.
Stigma receptivity
Receptivity of the stigmas (n = 25) was tested by following the method suggested by Dafni and Maues (1998) . The method involved soaking a Peroxtesmo esterase indicator paper (15 · 15 mm) in 1 mL of distilled water and applying a droplet of the solution directly onto the stigma. The receptivity of the stigma was indicated by the appearance of a blue colour.
Nectar production
The flowers of T. balansae (SA 5045; n = 46) were examined for the absence or presence of nectar at the base of the corolla tube.
Scanning electron microscopy
Samples (n = 15) of T. balansae stigmas (tripped and untripped) were fixed in Carnoy's fluid, followed by dehydration in a graded ethanol series, critical-point dried, coated with gold, and examined using a scanning electron microscope (Philips XL 30).
Pollen tube growth using fluorescence microscopy Stigmas (n = 15) from flowers of T. balansae that were tripped and untripped were excised and fixed in Carnoy's fluid (3 : 1 acetic acid : ethanol) (Sharma and Sharma, 1980) for 2 h, followed by hydration with ethanol (70 % for 30 min, 30 % for 30 min) and then rinsed in reverse osmosis water twice for 30 min. Softening of the stigmas was done by treating them with 0Á8 N NaOH at 60 C for 1 h, followed by rinsing in water. Stigmas were then left in Gurr's Aniline Blue stain (BDH #34003) solution (7Á67 g K 3 PO 4 + 1Á0 g Aniline Blue in 1 L distilled water, pH 11Á5) overnight at 4 C. The stigmas were mounted in 80 % glycerol, gently pressed under a coverslip and observed under a fluorescence microscope.
Statistical analyses
The length of the floral parts and the pod dimensions in the pollination vector study were analysed using an analysis of variance (F-test). Diagnostic plots of the residuals versus fitted values for each analysis displayed no departure from the homogeneity of variance. The number of seeds per pod response in the pollination vector study is counted data, therefore it is inappropriate to assume the data is normally distributed. Instead, the data set was analysed using a generalized linear model assuming a Poisson distribution and a log-link. This technique, also know as log-linear modelling, involves transforming the mean response with the log-link function, given by log (m). The significance of the treatment term was tested by using a log-likelihood test statistic, otherwise known as scaled deviance (Dobson, 1990) .
R E SU L T S

Flower morphology
Flowers of the species showed an increase (ANOVA, F-test, P < 0Á001) in size of corolla parts, stamen filaments and pistils from before to after anthesis (Table 1 ). The length of the corolla keel significantly increased from before to after anthesis but the styles did not increase in length after anthesis. The length of the stamen filament was consistently shorter than the length of the pistil before anthesis (ANOVA, F-test, P < 0Á001).
After anthesis, the length of the pistil was significantly greater than the keel, which encloses it (ANOVA, F-test, P < 0Á001). The pistil length was significantly (ANOVA, F-test, P < 0Á001) greater than that of the filaments and this feature would indicate that T. balansae has the tendency to either extrude the stigma beyond the length of the stamens and keel or to retain the style and stigma within the keel but at increasing tensile pressure.
Examination of the anthers of this species indicated a difference in the deposition of pollen on the stigmas during anthesis. Anther dehiscence occurred before flower opening. However, in unopened flowers, no pollen was deposited onto the stigmas because of the difference in length of the stamens and pistil.
Pollination studies
There was no seed set in the flowers of T. balansae that were not tripped and protected from external vectors ( Table 2) . Hand-tripping of flowers, hand-cross pollinating, culture of plants in the glasshouse in the presence of honeybees and in the field resulted in high seed set (Table 2) . A higher number of seeds per pod was obtained from insect-pollinated treatments in the glasshouse and field compared with hand-tripped flowers (c 2 test, P < 0Á001) and there was no significant difference between the two insect pollinator treatments (c 2 test, P = 0Á671). This would indicate that insect pollinators are more efficient in transferring viable pollen onto stigmas of flowers than human operators.
Hand cross-pollination resulted in a non-significant difference in seeds per pod compared with hand self-pollinated flowers (c 2 test, P = 0Á470). This indicates that there is no detectable level of self-incompatibility in this species. There was no significant difference between the different pollination treatments for pod length and for pod width (ANOVA, F-test, P < 0Á001).
Selfing rate, inbreeding depression and SCI
The selfing rate in T. balansae was estimated to be 0Á13. The level of inbreeding depression recorded was 0Á48 and the SCI was 0Á51.
Stigma receptivity
Stigmas of accessions of both species tested with Peroxtesmo esterase indicator paper showed a positive blue reaction indicating that stigmas were receptive prior to anther dehiscence.
Nectar production
Forty-three out of 46 flowers from four inflorescences showed the presence of nectar.
Electron and fluorescence microscopy study
Microscopic examination of bagged and untripped florets showed no germinating pollen grains on the stigmas of T. balansae (Fig. 1) . Hand-tripped and insect-pollinated florets of T. balansae showed the presence of germinating pollen grains (Fig. 2) . Means with the same superscript or subscript letter are not significantly different (P < 0Á001, n = 15).
D I S C U S S I O N
The results in this study indicate that Trigonella balansae is a self-compatible species, which requires vectors such as honeybees to bring about pollination and exhibits a mixed mating system. The lack of fertilization of florets of this species that have been protected from external pollination vectors (insect or human) is attributable to the spatial separation of stigma and pollen at the time of anthesis. The presence of nectar secretions in the corolla tube of T. balansae flowers would act as an attractant to pollinating insects. Manual tripping or tripping by insects resulted in the rupture of the stigmatic surface and facilitated pollen germination. Baum (1968) reported that the tripping mechanism was absent in Trigonella, but Lesins and Lesins (1979) suggested that the mechanism was present in some species. In comparison to the species belonging to Medicago and Melilotus, Small et al. (1987) placed T. balansae into the non-explosively tripping group. Barnes et al. (1972) reported that tripping ruptured the stigmatic membrane and was required for effective pollination in Medicago sativa. Lord and Heslop-Harrison (1984) found that, in the legume Vicia faba, pollen did not germinate until the stigmatic cuticle was disrupted and the lipid-rich secretions hydrated the pollen. Britten and Dundas (1985) found that some lines within the Psoralea patens complex (a semi-arid pasture legume) required outside intervention for the rupture of the stigmatic membrane, which resulted in the emergence of a sticky fluid engulfing the pollen grains so that germination occurred. As insects are commonly involved in pollination, there is the likelihood of cross-fertilization in this species. The structure of the florets of T. balansae during and after anthesis also supports the apparent tendency towards out-crossing. The observed lengthening of the pistils and extrusion of the stigmas is possibly an adaptive strategy to increase the chances of fertilization by foreign pollen. Real et al. (2004) in their floral development studies on Lotononis bainesii revealed that the upper stigma position related to the anther rings before anther dehiscence facilitated cross pollination. Anther dehiscence occurred at an advanced stage of the flower development when the stigma is already on top of the anthers and pollinating agents were required to set seed. Small et al. (1981) opined that inbreeding species tend to have wing petals shorter than the keel. They suggested that the prominence of the wings is an adaptive feature of the out-breeding species. In the present study the wing petals were significantly shorter than the keel in T. balanase before and after anthesis The mating system largely influences the evolutionary dynamics of plant populations (Kittelson and Maron, 2000) . The moderate value for the SCI indicated that T. balansae does not have any apparent self-incompatibility mechanism. Selfing is favoured when the values of inbreeding depression are <0Á5 (Charlesworth and Charlesworth, 1987 ). Inbreeding appears universally to reduce fitness, but its magnitude and specific effects are highly variable because they depend on the genetic constitution of the species or populations and on how these genotypes interact with the environment (Hedrick and Kalinowski, 2000) . However, the low selfing rate estimate in T. balansae suggests that out-crossing is more favoured. A low rate of selfing and a moderate amount of inbreeding depression was also reported in Lupinus arborreus, which has a mixed mating system (Kittelson and Maron, 2000) . Pollinators can be opportunistic visitors (Waser et al., 1996) and habitat-mediated shifts in pollinator availability influence both out-crossing and inbreeding depression (Holsinger, 1996) . A mixed mating system has been reported in the members of the related family, Fabaceae, in Dillwynia teuifolia (Rymer et al., 2002) and in Dinizia excelsa (Dick et al., 2003) . Some theoretical models have suggested that the mixed mating exhibited by T. balansae should be transitory and evolve into a predominantly out-crossing system (Schemske and Lande, 1985; Lloyd, 1992) . However, a mixed mating system may be stable from an evolutionary viewpoint (Holsinger, 1986; Holsinger, 1991; Lloyd, 1992; Lande et al., 1994) .
The limitation of the present study is that only a single population of T. balansae was examined and hence the results cannot be used to generalize about the whole species. 
L I T E R A T U R E CI T E D
